INTRODUCTION
To facilitate faithful chromosome segregation during mitosis, the kinetochore is assembled on centromere DNA to form a dynamic interface with microtubules from the mitotic spindle (Cheeseman and Desai, 2008; Santaguida and Musacchio, 2009 ). To establish a functional kinetochore structure, a subset of kinetochore proteins must make strong and specific contacts with centromeric DNA. Defining the molecular mechanisms by which kinetochore proteins specify the position on the chromosome and generate stable contacts with DNA to drive kinetochore assembly remain key goals. Nucleosomes containing the centromere-specific histone H3 variant CENP-A provide an important mark to establish a centromere-specific chromatin structure (Black and Cleveland, 2011) . However, although CENP-A deposition is necessary for kinetochore specification, it is not strictly sufficient for the formation of functional kinetochores in vertebrate cells (Van Hooser et al., 2001; Gascoigne et al., 2011) . This suggests that there are additional proteins that are required to generate centromere-specific chromatin and direct sequence-independent kinetochore assembly.
To form a scaffold for kinetochore assembly, a subset of kinetochore proteins must associate with centromeric DNA. We have previously identified the CENP-T-W complex, which contains histone-fold domains required to associate with DNA and target to kinetochores (Hori et al., 2008) . In addition to a histone-fold domain, the CENP-T-W complex provides an important platform for kinetochore assembly through a long N-terminal flexible region that binds directly to outer kinetochore proteins (Gascoigne et al., 2011; Suzuki et al., 2011) . Ectopic localization of CENP-T induces kinetochore formation and can at least partially bypass the requirement for CENP-A nucleosomes (Gascoigne et al., 2011) . However, little is known about how the CENP-T-W complex is targeted to endogenous centromeres. Although the CENP-T-W complex requires CENP-A for its recruitment to centromeres, CENP-T does not bind directly to CENP-A nucleosomes (Hori et al., 2008) . Thus, the binding of CENP-T to DNA may provide an important scaffold to direct kinetochore formation.
To define the role of CENP-T in kinetochore assembly, we analyzed the structural, biochemical, and functional basis for its association with DNA. We demonstrate that the CENP-T-W complex associates with a second group of histone-fold-containing proteins, the CENP-S-X complex (Amano et al., 2009) . CENP-S and X are conserved kinetochore-localized proteins (Perpelescu and Fukagawa, 2011) , but have also been identified as Fanconia Anemia M (FANCM) associated proteins where they were named MHF1 and MHF2 (Yan et al., 2010; Singh et al., 2010) suggesting a possible dual function. Association of the CENP-T-W and CENP-S-X complexes generates a stable CENP-T-W-S-X heterotetramer with structural similarity to canonical nucleosomes. The CENP-T-W-S-X heterotetramer supercoils DNA suggesting that this complex bends DNA to form a nucleosome-like structure. Mutants predicted to compromise heterotetramerization or the DNA contacts around the heterotetramer show a dramatic reduction in DNA binding and supercoiling activities and fail to form functional kinetochores. In total, our results suggest that a CENP-T-W-S-X-containing nucleosome-like structure functions as a scaffold for kinetochore formation.
RESULTS

The CENP-T-W Complex Forms a Dimer of Histone Fold Domains
To define the mechanisms by which the CENP-T-W complex associates with DNA, we began by conducting a structural analysis of the C-terminal histone-fold regions of chicken CENP-T (531-639 aa) and CENP-W. Following coexpression of the recombinant complex and crystallization, we determined the structure by multiple wavelength anomalous dispersion (MAD) from selenomethionine derivatives ( Figure 1A and Table  S1 , available online). Two crystal forms of the CENP-T-W complex were obtained that were both refined to 2.2 Å resolution with refinement statistics of R work = 0.220 (R free = 0.269) and R work = 0.203 (R free = 0.261), respectively.
CENP-T and CENP-W contain five and three a helices, respectively and form a heterodimer in the crystal ( Figures 1A and 1B) . The composition of these a helices and the entire structure of the CENP-T-W dimer are highly homologous to the structure of the histone H2A-H2B or H3-H4 dimers within the nucleosome (Figure 1C) . Additional searches of the structural database using the DALI server (Holm and Rosenströ m, 2010) indicate that the structure of other histone-fold-containing protein complexes, such as NC2a-b and CHRAC14-16, are also similar to that of the CENP-T-W complex ( Figure 1C ). In total, our structural analysis reveals that the CENP-T-W complex is a dimer of histone-fold domains.
Mutants that Disrupt the DNA Binding Activity of CENP-T-W Complex Fail to Form Functional Kinetochores
Although we have previously predicted likely DNA binding amino acids in CENP-W (Hori et al., 2008) , the structural analysis described above defines clear DNA binding residues for CENP-T (Q543, R555, and K586) and CENP-W (R7, R11, K12, R22, K54, and K56) based on structural similarity to the DNA binding interface of canonical histones ( Figures 1B and 1D) . To test the role of these residues, we generated alanine mutants for Q543, R555, K586 in CENP-T and R7, R11, K12, R22, K54 and K56 in CENP-W (termed CENP-T DNA and CENP-W DNA ) and performed DNA binding assays with recombinant CENP-T-W proteins. The wild-type CENP-T-W complex binds to DNA, but did not show an apparent DNA binding specificity (data not shown). Thus, we used the classical ''601'' DNA positioning sequence (Vasudevan et al., 2010) for further DNA binding assays. Although the CENP-T-W complex binds to DNA, the majority of the DNA-CENP-T-W complexes do not enter the acrylamide gel ( Figure S1A ). Under low salt concentrations, some DNA-CENP-T-W complexes can enter the gel (Figures S1A and S1B). Importantly, this DNA binding activity was reduced in the CENP-T DNA -W DNA mutant ( Figure S1C ). However, we still observed a large assembly of DNA with the CENP-T DNA -W DNA mutant complex. This suggests that there may be multiple DNA binding sites in the CENP-T-W complex in addition to sites predicted based on similarity to canonical histones ( Figure 1B ), including possibly some nonspecific binding interactions.
To test significance of the predicted DNA binding sites in vivo, we analyzed chicken DT40 cells in which endogenous CENP-W is replaced with the CENP-W DNA mutant and found that these cells died following strong mitotic defects ( Figure 1E ). We also found that CENP-T is degraded when the CENP-T-W complex is unable to localize to kinetochores ( Figure 1E and Figure S1D ). In addition, we analyzed human CENP-W DNA mutants in HeLa cells in which endogenous CENP-W is disrupted by RNAi and found that both CENP-W DNA and the outer kinetochore protein Ndc80 failed to localize to kinetochore in these cells ( Figure S1E ). Ndc80 is a key outer kinetochore microtubule binding protein that is directly downstream of CENP-T for kinetochore assembly pathways (Hori et al., 2008; Gascoigne et al., 2011) . These data suggest that the DNA binding activity of the CENP-T-W complex is essential for kinetochore formation.
Structural Analysis Reveals that the CENP-S-X Complex Forms a (CENP-S-X) 2 Tetramer
In addition to the CENP-T-W complex, we have previously identified a second kinetochore-localized histone fold-containing complex -the CENP-S-X complex (Amano et al., 2009 ). CENP-T was detected as a CENP-S-associated protein in immunoprecipitations, suggesting a possible interaction between these (B) Sequence alignment of CENP-T (top) and CENP-W (bottom) from chicken, human, mouse, and Neurospora. Boxes (a1 -a5), solid lines, and dashed lines indicate a helices, random coil regions, and disordered residues, respectively. Residues marked by pink are predicted as DNA binding sites by comparison with canonical histones and residues marked by yellow are predicted as the tetramerization interface based on comparison to CENP-S-X. each kinetochore detected by immunofluorescence was measured relative to an adjacent background signal (n = more than 10 cells; average intensity ± standard deviation). The scale bar represents 10 mm. The growth curve was measured using Trypan blue exclusion. See Figure S1 and Table S1 . complexes (Amano et al., 2009) . To test the relationship between the CENP-T-W and CENP-S-X complexes, we next conducted a high-resolution structural analysis of the CENP-S-X complex. For these studies, we coexpressed truncated chicken CENP-S (CENP-SDC; lacking the C-terminal 33 amino acid unstructured region) with full-length chicken CENP-X. Following crystallization of the recombinant complex, the structure was determined by single wavelength anomalous dispersion (SAD) from mercury derivatives and MAD from selenomethionine derivatives ( Table  S2 ). The CENP-S-X crystal structure was refined to 2.15 Å resolution with refinement statistics of R work = 0.186 (R free = 0.235). Similar to the CENP-T-W complex, the structure of the CENP-S-X complex is closely related to that of canonical histones (Figures 2A-2C) . However, the CENP-S-X complex forms a (CENP-S-X) 2 tetramer ( Figure 2A and Figure S2A ), whereas the CENP-T-W complex forms a dimer. CENP-S uses the a2 and a3 helices to form the tetramer interface, similar to the histone (H3-H4) 2 interface within the nucleosome (Luger et al., 1997) . As occurs for histone H3, the CENP-S-CENP-S interface is comprised of hydrophobic interactions and a critical hydrogen-bond network ( Figure S2A ). In addition to the hydrophobic interactions, electrostatic interactions are used for the CENP-S-CENP-S interface. To confirm the importance of the a2 and a3 helices of CENP-S for tetramerization, we mutated critical amino acids in these helices (F65E, H68E, L81R, R84E: CENP-S tet protein; Figure 2B and Figures S2B and S2C).
Although CENP-S tet associates with CENP-X and forms a heterodimer in vitro, the estimated size of the CENP-S tet -X complex is half that of the wild-type CENP-S-X complex based on size exclusion chromatography ( Figure S2B ). Similar results were observed using CENP-S tet DC-X ( Figure S2C ). These results indicate that the CENP-S-X complex forms a (CENP-S-X) 2 tetramer both in crystals and in solution.
DNA Binding-Defective CENP-S-X Mutants Compromise Kinetochore Assembly When full-length CENP-S and CENP-X were used for the DNA binding assays, we observed a regular ladder of protein-DNA complexes ( Figure 3A ), suggesting that multiple CENP-S-X complexes bind to a single DNA molecule at regular intervals. Structural comparison of CENP-S-X to histone H3-H4 suggested that R15, K41, K67, K70, and K71 of CENP-S and R9, R15, R18, R25, and R27 of CENP-X represent the DNA binding interface ( Figure 2B and Figure 3B Figure 3C ) suggestive of DNA binding derived other regions of these proteins. Indeed, we found that the conserved basic, unstructured C-terminal region of CENP-S, which is in close vicinity to the histone-fold DNA binding interface, is required to interact with DNA (CENP-SDC-X; lane 11-13 in Figure 3C ). In addition to the residues predicted to make direct contacts with DNA, tetramerization of the CENP-S-X complex is also required for full DNA binding activity (CENP-S tet -X; Figure 3D ).
To determine whether the DNA binding activity of the CENP-S-X complex is required for kinetochore formation in vivo, we tested the localization of mutant CENP-S proteins in DT40 cells. We expressed CENP-SDC and CENP-S DNA DC in CENP-Sdeficient cells and found that both CENP-SDC and CENP-S DNA DC mutant proteins localized to kinetochores ( Figure 3E ). This demonstrates that DNA binding is not essential for CENP-S kinetochore localization, and suggests that the interaction of CENP-S with the CENP-T-W complex may recruit this to kinetochores. We confirmed that mutant CENP-S proteins associate with CENP-T in cells based on coimmunoprecipitation using CENP-T antibodies ( Figure S3B ). However, we found that cells in which either CENP-SDC or CENP-S DNA DC replaces endogenous CENP-S displayed reduced localization of the outer kinetochore protein Ndc80 ( Figure 3F ), similar to what is observed in CENP-S-deficient cells (Amano et al., 2009 ). This suggests that outer kinetochore proteins are not assembled properly in cells expressing DNA binding CENP-S mutants. We conclude that the DNA binding activity of CENP-S-X is essential for function of the complex.
The C-Terminal Helices of CENP-T Are Critical for Kinetochore Localization
Structural comparison of the CENP-T-W and CENP-S-X complexes revealed that the a4 helix of the CENP-S-X complex is different from that of the CENP-T-W complex. The corresponding region in the CENP-T-W complex is composed of two helices (a4 and a5) and forms a helix-turn-helix structure ( Figure 1B and Figure 2C ). CENP-T mutants lacking the a4 or a5 helices (CENP-T E620stop or CENP-T H610stop ) form a complex with CENP-W similar to that of wild-type CENP-T (data not shown). However, DT40 cells in which endogenous CENP-T is replaced with CENP-T E620stop or CENP-T H610stop do not grow and kinetochore localization of these CENP-T mutants is strongly reduced ( Figure 2D and Figure S2D ). Similarly, human CENP-T deleted for these helices (hCENP-TD30) also failed to localize to kinetochores in HeLa cells ( Figure S2E ). However, CENP-T E620stop -W or CENP-T H610stop -W mutant complexes displayed DNA binding activity in vitro (data not shown), suggesting that the a4/a5 helices of CENP-T are necessary for kinetochore localization independent of DNA binding activity.
To test whether these helices of CENP-T are sufficient for kinetochore targeting, we analyzed the localization of chimeric proteins in which the a4/a5 helices from CENP-T were exchanged with corresponding regions of histone H2A, histone H3, NC2, or CHRAC. We also generated constructs in which the a4/a5 helices from CENP-T were added to the C terminus See Figure S2 and Table S2 . The disordered CENP-S C-terminal tail, which contains conserved lysine residues, is schematically depicted. (C) Different concentrations of the indicated CENP-S-X mutant complexes (2.5 mM, 5 mM, 10 mM) were mixed with 2.5 mM 145 bp dsDNA (601 sequence). The mixtures were analyzed using 5%-20% gradient native PAGE.
(D) DNA binding activity of the CENP-S tet -X tetramer mutant analyzed as in (C).
of these histone related proteins. However, in both cases, we did not observe kinetochore localization of these chimeric proteins with the a4/a5 helices of CENP-T (data not shown), suggesting that additional sites also contribute to CENP-T kinetochore targeting.
The CENP-T-W and CENP-S-X Complexes Associate to Form a Stable CENP-T-W-S-X Heterotetramer Although we found slight structural differences between the CENP-S-X and CENP-T-W complexes, the overall structure of these complexes is quite similar. Indeed, when the structure of the CENP-S-X complex is superimposed on the CENP-T-W complex, the tetramer interface of the CENP-S-X complex is nearly identical to corresponding sites in the CENP-T-W complex ( Figure 4A ). Considering this structural similarity together with the functional relationship between these complexes (Amano et al., 2009) , we hypothesized that these two histone-fold-containing complexes may interact. Indeed, when these complexes are combined in equimolar ratios, CENP-S-X and CENP-T-W comigrate and form a single stoichiometric complex ( Figure 4B and Figure S4A ). Based on the observed migration, these data suggest that one CENP-S-X dimer interacts with one CENP-T-W dimer to form a CENP-T-W-S-X heterotetramer. The tail region of CENP-S is not required for this interaction, as the CENP-SDC-X complex bound similarly to the CENP-T-W complex ( Figure 4B ). Human CENP-S-X and CENP-T-W also form a single stoichiometric complex as observed for the chicken complexes ( Figure S4B ). Although the CENP-S-X and CENP-T-W complexes associate strongly with each other, we did not observe clear association of these complexes or the CENP-T-W-S-X heterotetramer with histones under the high salt conditions used to assemble canonical nucleosomes (data now shown).
To define the properties of this CENP-T-W-S-X heterotetramer, we next conducted a structural analysis. Following reconstitution of the recombinant complex and crystallization, we determined the structure by molecular replacement methods ( Figure 4C and Table S3 ). Two crystal forms of the CENP-T-W-S-X complex were obtained that were refined to 2.4 Å and 3.4 Å resolutions with refinement statistics of R work = 0.188 (R free = 0.244) and R work = 0.211 (R free = 0.273) respectively. For these analyses, we used full-length CENP-S rather than CENP-SDC, although the C terminus was disordered in the crystal. The entire structure of the CENP-T-W-S-X heterotetramer is similar to that of (CENP-S-X) 2 , but there is some tilt in the CENP-S a2 helix within the complex and the a3 helix of CENP-X does not overlap with that of CENP-W ( Figure 4D ). The area of the tetramer interface for the CENP-T-W-S-X heterotetramer is 559 Å 2 and the free energy for this interaction is calculated as À4.3 kcal/mol based on the PDBePISA server (Krissinel and Henrick, 2007) . In contrast, the area of the tetramer interface for (CENP-S-X) 2 is 681 Å 2 and the free energy for this interaction is calculated as À0.9 kcal/mol, suggesting that the CENP-T-W-S-X heterotetramer is more stable than (CENP-S-X) 2 . The tetramer interface of the CENP-S-X complex (F65, H68, L81, R84 in CENP-S) is nearly identical to the corresponding region of the CENP-T-W complex (Y579, H582, L595, R598 in CENP-T) ( Figure 4A ). To test the involvement of these residues in tetramerization, we isolated recombinant complexes with CENP-S tet or CENP-T tet (Y579A, H582E, L595R, R598E) mutants. Although CENP-S tet or CENP-T tet mutants form dimers with CENP-X or CENP-W, respectively, the CENP-S tet -X or CENP-T tet -W mutant complexes are unable to assemble the heterotetrameric complex ( Figure 4E ).
Based on these structural and biochemical analyses, we conclude that the CENP-T-W-S-X heterotetramer is stably formed using unique tetramerization interfaces on the a2 and a3 helices of CENP-S and CENP-T.
Tetramer-Defective CENP-S and CENP-T Mutants Fail to Assemble Functional Kinetochores CENP-S and CENP-X proteins are delocalized from kinetochores in CENP-T-deficient cells ( Figure S5A) . Similarly, although CENP-T still localizes to kinetochores in CENP-S-deficient cells, the length of the region occupied by CENP-T at the kinetochore outer plate based on immuno-EM analysis is reduced (Figure S5B) , suggesting close functional relationship between the CENP-T-W and CENP-S-X complexes. To test the association of the histone-fold domains of these complexes in vivo, we ectopically localized CENP-S to noncentromere regions in human cells using a LacI-LacO system (see Gascoigne et al., 2011) and observed corecruitment of CENP-T to this site (Figure 5A, right) . In contrast, CENP-S is not recruited by CENP-TDC, which lacks the histone-fold domain ( Figure 5A , left). These LacI-LacO system experiments suggest that CENP-T-W-S-X forms a heterotetramer using the histone-fold regions in vivo.
We next sought to test the functional significance of the tetramer interface in vivo. CENP-S tet -mRFP and CENP-S tet DCmRFP tetramerization defect mutants failed to localize to kinetochores in CENP-S-deficient DT40 cells and instead localized diffusely throughout the nucleus ( Figure 5B ). We also generated a CENP-T conditional knockout DT40 cell line stably expressing CENP-T tet ( Figure S5C ). In the absence of tetracycline, these cells express both wild-type CENP-T and CENP-T tet (referred as CENP-T+CENP-T tet ), but in the presence of tetracycline, only CENP-T tet is expressed (referred as CENP-T tet ). A defect in tetramerization compromises CENP-T localization as CENP-T tet was reduced to $20% of wild-type CENP-T levels in CENP-T tet cells ( Figure 5C ). Consistent with this, CENP-T+CENP-T tet and CENP-T tet cells both displayed a strong reduction in viability ( Figure 5D ). In addition, cells expressing only CENP-T tet showed reduced levels of Ndc80 and CENP-S ( Figure 5C ), and a strong mitotic delay ( Figure 5E we found that HeLa cells expressing CENP-T tet and depleted for endogenous CENP-T by RNAi showed reduced levels of CENP-T tet and Ndc80 at kinetochores and an increase in misaligned chromosomes ( Figure S5D ). These results indicate that tetramer-defective mutants for CENP-S or CENP-T result in a strong reduction of CENP-T-W-S-X levels at kinetochores, which causes a failure to assemble functional kinetochores.
The CENP-T-W-S-X Heterotetramer Forms a Distinct
Complex with DNA Both the CENP-T-W and CENP-S-X complexes show independent DNA binding activity. However, whereas the CENP-S-X complex forms a regular ladder profile in gel shift assays (lane 2-4 in Figure 6A ), the majority of DNA-CENP-T-W complexes do not enter the acrylamide gel (lane 5-7 in Figure 6A ). To analyze the properties of the DNA-CENP-T-W complex, we used dynamic light scattering (DLS), which indicated that the CENP-T-W complex forms large assemblies with DNA even in presence of 400 mM NaCl ( Figure S6A ). Interestingly, when the CENP-S-X and CENP-T-W complexes were combined, the large assembly was dissolved and the DNA-protein complex displayed a band at a distinct position in the gel (lane 8-15 in Figure 6A ). Although the CENP-SDC-X complex does not bind well to DNA on its own (lane 2-4 in Figure 6B ), the CENP-SDC-X-T-W heterotetramer complex binds to DNA similar to the wild-type heterotetrameric complex (lane 8-15 in Figure 6B ). However, there is strong reduction in DNA binding activity for the heterotetramerizationdefective CENP-S tet -X mutants when combined with CENP-T-W ( Figure S6B ), indicating that heterotetramerization is crucial for DNA binding.
We Figure 6C ). This indicates that mutation of the predicted DNA binding sites for CENP-T and CENP-W reduces the DNA binding activity of the CENP-T-W-S-X heterotetramer.
For our mutational analyses, we predicted the DNA binding sites for the CENP-T-W-S-X heterotetramer from a comparison with the DNA binding surface of canonical histones. As the histone octamer wraps DNA along the surface of the nucleosome, it is possible that DNA is also bent along the surface of the CENP-T-W-S-X heterotetramer to form a nucleosome-like structure. To test this, we used a DNA supercoiling assay for the CENP-T-W, CENP-S-X, and CENP-T-W-S-X complexes. In this assay, if a protein causes the plasmid DNA to be wrapped or bent, topoisomers are introduced that migrate faster based on gel electrophoresis. We detected supercoiling activities for the CENP-T-W, CENP-S-X, and CENP-T-W-S-X complexes similar to, although with weaker activity than, histone H3-H4 tetramers ( Figure 6D ). Importantly, topoisomers were abolished with the CENP-T-W DNA , CENP-S DNA -X, or CENP-S-X DNA mutant complexes ( Figure 6D ) despite the fact that these complexes show residual DNA binding activity ( Figure 3C ). These results suggest that DNA is bent or partially wrapped along the CENP-T-W-S-X complex similar to a nucleosome.
The DNA-CENP-T-W-S-X Complex Shows a Unique DNA-Protein Structure To define the DNA binding properties of the CENP-T-W-S-X heterotetramer, we next tested binding to various sized linear DNA fragments ( Figure 7A ). The CENP-S-X does not bind to less than 40 bp DNA, but binds to DNA with a regular ladder when more than 60 bp of DNA is present. The number of DNAprotein species increases proportionally as the length of the DNA is increased ( Figure 7A ). In contrast, the CENP-T-W complex binds to as little as 40 bp based on the disappearance of free DNA from the gel, but does not show a regular DNA binding pattern (middle of Figure 7A ; Figure 6A ). Although the CENP-T-W-S-X heterotetramer binds to short DNA fragments based on the disappearance of free DNA, this may reflect the formation of a larger assembly similar to the CENP-T-W complex as there is not a discrete band observed in the gel when less than 60 bp DNA is present. Importantly, the CENP-T-W-S-X heterotetramer displays a discrete pattern of DNA binding when more than 80 bp DNA is used ( Figure 7A ), indicating that the heterotetramer can form a stoichiometric complex with >80 bp DNA.
To determine the precise size of DNA that binds to these proteins, we next digested the DNA-protein complexes with micrococcal nuclease (MNase) (Figures 7B and 7C) . As a control, we added histone octamers to 282 bp DNA and digested the nucleosome with MNase. As expected, we detected a $146 bp protected DNA fragment when histone octamers were added -the predicted size that is wrapped by the nucleosome ( Figure 7D ). In contrast, the DNA-CENP-S-X complex was easily digested even with low concentrations of MNase. For the CENP-T-W complex, the entire region of DNA was protected by the CENP-T-W complex independent of the size of DNA used, which may be caused by a large assembly with DNA ( Figure 7B) . Importantly, the CENP-T-W-S-X heterotetramer produced a $100 bp MNase-protected DNA fragment (B) Stoichiometric amounts of CENP-S-X (25 mM) or CENP-DS-X (25 mM) and CENP-T-W (25 mM) were mixed and incubated for 15 min at room temperature. The mixture was separated by gel filtration using a Superdex 75 column. Peak fractions were analyzed by SDS-PAGE. See Figure S4 and Table S3 . -7) . Different concentrations of CENP-S-X (lanes 2, 13 -2.5 mM; lanes 3, 14 -5 mM; lanes 4, 8-11, 15 -10 mM) and CENP-T-W (lanes 5, 9 -2.5 mM; lanes 6, 10 -5 mM; lanes 7, 11, 12-15 -10 mM) were mixed and incubated. The mixture was further incubated in the presence of 2.5 mM 145 bp dsDNA for 15 min. The mixtures were analyzed by native PAGE. from a 120 bp DNA starting size (lane 14 in right of Figure 7B ). We also detected a $100 bp MNase-protected DNA fragment using the human CENP-T-W-S-X complex and 145 bp DNA ( Figure 7C ). These data are consistent with the CENP-T-W-S-X complex forming a distinct complex with $100 bp DNA. In total, we propose that the CENP-T-W-S-X heterotetramer forms a unique stoichiometric complex that binds to $100 bp DNA and bends DNA similar to canonical histones to form a nucleosome-like structure ( Figure 6D and Figure 7) .
DISCUSSION
Formation of a CENP-T-W-S-X Heterotetrameric Complex
Previous work on kinetochore function has demonstrated that the kinetochore is specified in vertebrates by DNA sequenceindependent epigenetic mechanisms. The centromere-specific histone H3-variant CENP-A is an important epigenetic mark for kinetochore specification (Barnhart et al., 2011; Black and Cleveland, 2011; Guse et al., 2011; Tachiwana et al., 2011) . Indeed, CENP-T localization requires CENP-A despite the presence of an intrinsic DNA binding activity in CENP-T. Prendergast et al. (2011) recently reported that the CENP-T-W complex is not inherited by daughter cells, unlike CENP-A. This is consistent with a model in which CENP-T functions in kinetochore assembly downstream of kinetochore specification by CENP-A. However, CENP-T does not interact directly with CENP-A nucleosomes (Hori et al., 2008; Ribeiro et al., 2010) and synthetic kinetochores generated by ectopic targeting of CENP-T to noncentromere regions bypass the requirement for CENP-A nucleosomes (Gascoigne et al., 2011) . Therefore, it is important to define the nature of the CENP-T-derived scaffold for kinetochore formation. Here, based on the combination of the structural, biochemical, and functional experiments, we propose that a CENP-T-W-S-X complex forms a tetrameric nucleosome-like structure to function as a scaffold for kinetochore formation ( Figure 7E ).
The CENP-T-W-S-X Heterotetramer Forms a Nucleosome-like Structure Our high-resolution structural analysis demonstrates that both the CENP-S-X and CENP-T-W complexes contain histone-like structures with a helices that are homologous to those of canonical histones. Many proteins possess histone-fold regions, such as TFIID (Xie et al., 1996) , NC2a-b (Kamada et al., 2001) , and CHRAC 14-16 (Hartlepp et al., 2005) . Although there is a debate regarding whether such histone-fold-containing complexes bind to and wrap DNA similar to the histone octamer (Luger and Richmond, 1998) , several reports have suggested that histone-fold-containing proteins use a DNA binding surface similar to that of canonical histones (Oelgeschlä ger et al., 1996; Burley et al., 1997; Kamada et al., 2001) . Our supercoiling experiments suggest that the CENP-T-W-S-X complex bends or partially wraps DNA along its surface and forms a nucleosome-like structure on DNA ( Figure 6D ). The DNA binding surface of histone H3-H4 faces the minor grove of DNA to bend DNA into a superhelix (Luger and Richmond, 1998) . This canonical DNA binding surface is conserved in the CENP-S-X and CENP-T-W complexes and mutations of these residues results in the reduction of the supercoiling activities in vitro and functional kinetochore formation in vivo. We have previously shown that CENP-T-associated DNA isolated from cells is centromeric and the pattern of MNase digestion from CENP-Tassociated chromatin is different from that of DNA isolated by CENP-A immunoprecipitations (Hori et al., 2008) . This suggests the existence of a unique CENP-T-containing chromatin structure in vivo. Although obtaining definitive proof that this structure exists in vivo is a major future challenge, our mutational analyses strongly suggest that tetramer formation and DNA binding of the CENP-T-W-S-X is critical for kinetochore assembly in vivo.
Identification of Noncanonical Nucleosome-like Structures
In this study, we demonstrated that the CENP-T-W-S-X heterotetramer has a number of structural and functional similarities with canonical nucleosomes. For canonical histone octamers, there are multiple potential combinations of histone variants including the H2A variants H2AZ or macro H2A, and the H3 variants H3.3 or CENP-A. Altering nucleosome composition using these variants can allow for diverse functions. The identification of a nucleosome-like CENP-T-W-S-X complex suggests that the ''menu'' of potential histones may extend beyond the canonical histone molecules to include additional molecules. The CENP-T-W-S-X heterotetramer plays a key role in centromere function, but similar nucleosome-like structures may also be found at other genomic locations. Indeed, the CENP-S-X complex has been shown to interact with FANCM at DNA damage sites (Yan et al., 2010; Singh et al., 2010) . At these locations, the CENP-S-X complex may act as a tetramer to associate with DNA, or may associate with additional histone fold proteins to generate distinct chromatin structures in each region. Importantly, CENP-T, -W, -S, and -X are conserved throughout eukaryotes, suggesting that these tetrameric nucleosome-like structures have broad relevance. In total, these tetrameric nucleosome-like structures extend the ''histone code'' beyond the canonical nucleosome proteins to provide a new mechanism to form contacts with DNA. See Figure S6 . using Ni-Sepharose, StrepTactin Sepharose, TEV cleavage, and a Superdex200 column. Mutant CENP-T-W or CENP-S-X complexes were generated by site-directed PCR mutagenesis. Selenomethionine derivatives of the CENP-T-W or CENP-S-X complexes were prepared from bacteria grown in Se-met core medium (Wako) containing selenomethionine.
Crystallization and Structural Determination of CENP-S-X, CENP-T-W, and CENP-T-W-S-X The complex of the histone-fold domains of CENP-T and CENP-W were crystallized by mixing equal amounts of the protein solution (20 mg/ml) and 100 mM Citrate-NaOH pH 5.0, 30% PEG 600. Crystals were harvested in a solution containing 30% PEG600 and cryoprotected. X-ray diffraction data were collected at BL38B1 and BL44XU at the SPring8 synchrotron facility. As selenomethionine crystals contained mixtures of both, methionines (M590, M607) in CENP-T were mutated to leucines. We also made cysteine mutants (CENP-T C564A, C638A/CENP-W S56C) to obtain uniform crystals. Selenomethionine multiple wavelength anomalous dispersion data was collected from the selenomethionine mutant and the phase was determined by the Phenix package (Adams et al., 2010) . The model was refined using iterative modeling and refinement. The model was used to solve the cysteine mutant crystal by molecular replacement. The CENP-SDC-X complex was crystallized by mixing equal amount of protein solution (10 mg/ml) and 100 mM Citrate-BisPropane (pH 8.2), 500 mM NaCl, 100 mM MgSO 4 , 30% PEG600. The selenomethionine derivative was crystallized in similar conditions, but using Citrate-BisPropane pH 9.5. Initially formed small crystals were seeded into a crystallization mixture containing 20% PEG600. Crystals were harvested in solution containing 30% PEG600 and cryoprotected. X-ray diffraction data were collected at BL38B1 and BL44XU. The initial phase of the CENP-SDC-X complex was determined from a methyl HgCl soaked crystal using single wavelength anomalous dispersion. Selenomethionine multiple wavelength anomalous dispersion data was collected from the selenomethionine derivative to improve the phase. Two mercury atoms and four selenomethionine atoms were identified using the Phenix package. After density modification, clear electron density was found and a CENP-S-X model was built. The final model contains E6 to N104 of CENP-S and E5 to F79 with an extra Val at the C terminus of CENP-X that was incorporated during the cloning procedure.
The CENP-T-W-S-X complex was prepared by mixing equal volumes of the CENP-T-W histone fold with the CENP-S-X complex. The complex was crystallized either directly (cubic form) or after purification by gel filtration (tetragonal form). The cubic crystal was formed by mixing equal amounts of the CENP-S-X and the CENP-T-W complex in solution at a final concentration of 10 mg/ml and mixing with an equal volume of crystallization solution containing 100 mM Tris-HCl (pH 8.5), 8% PEG8000. The crystal was cryoprotected by 20% glycerol. A tetragonal crystal was formed by mixing equal amounts of protein solution (10 mg/ml) and crystallization solution containing 100 mM Tris-HCl (pH 8.5), 250 mM NaCl, 160 mM MgCl 2 , 25% PEG 4000. The crystal was cryoprotected by 20% glycerol. X-ray diffraction data were collected at BL38B1 (tetragonal form) and BL44XU (cubic form). Diffraction data were processed by the HKL2000 package. The tetragonal form structure was determined by molecular replacement program using the Phenix package using structures for the CENP-T-W histone fold and the CENP-S-X heterodimer as search models. The cubic form structure was determined by molecular replacement using the refined CENP-T-W-S-X structure as a search model.
All crystal structures shown in the Figures were created using PyMOL (DeLano Scientific LLC).
Immunofluorescence and Light Microscopy
Chicken DT40 cells were cultured and transfected as described previously (Okada et al., 2006) . Immunofluorescent staining of DT40 cells was performed as described previously using anti-CENP-T, anti-CENP-S, or anti-Ndc80 antibodies (Hori et al., 2008; Amano et al., 2009) . Immunofluorescence images were collected with a cooled EM CCD camera (QuantEM, Roper Scientific) mounted on an Olympus IX71 inverted microscope with a 1003 objective together with a filter wheel and a DSU confocal unit. 15-25 Z-sections were acquired at 0.3 mm steps. Fluorescence intensity measurements were conducted using MetaMorph software (Molecular Devices). Kinetochore fluorescence intensities were determined by measuring the integrated fluorescence intensity within a 6 3 6 pixel square positioned over a single kinetochore and subtracting the background intensity of a 6 3 6 pixel square positioned in a region of cytoplasm lacking kinetochores. Maximal projected images were used for these measurements.
Supercoiling Assay
Relaxed plasmid DNA (pBluescript containing ggCEN1 sequence, 4.8 kb) was pretreated with wheat germ topoisomerase I (Promega) (4 U/1 mg of DNA) at 37 C for 60 min. Purified protein complex and the relaxed-plasmid DNA (0.3 mg) were mixed in buffer A (20 mM Tris-HCl [pH 7.5], 50 or 100 mM NaCl, 0.1 mM EDTA, 5 mM MgCl 2 ) at total volume of 10 ml and incubated at 37 C for 15 min. Topoisomerase I (4 U) was then added and incubated for 150 min at 37 C. After the reaction, proteins were treated with proteinase K and DNA was extracted by phenol-chloroform. Samples were electrophoresized in 1% agarose gels.
Dynamic Light Scattering
Dynamic light scattering analyses for the CENP-T-W complex or the CENP-S-X complex with DNA were performed using Zetasizer mV (Malvern Inc). A 3 ml sample was loaded onto the microcuvette. Each sample was measured three times with varying integral cycles depending on the amount of scattering and analyzed automatically using the manufacturer's software.
MNase Protection Assay
Protein-DNA mixtures used for the gel shift assay were further incubated at 42 C for 1 hr. The mixture was then digested by the addition of 1 ml of 1 U/ml MNase (Takara-Bio) and 2 ml of 103 buffer containing 200 mM Tris-HCl (pH 8.0), 50 mM NaCl, 25 mM CaCl 2 . The MNase mixture was incubated at 25 C for 10 min. After digestion, 80 ml of ProtenaseK mixture containing 20 mM Tris-HCl (pH 7.5), 20 mM EDTA, 0.5% SDS was added and incubated at 37 C for 30 min. The mixture was treated with phenol-chloroform and DNA was precipitated with ethanol. The DNA mixture was resuspended in 13 loading buffer, run on 10%-20% native PAGE, and stained with ethidium bromide. Human protein-DNA mixtures were incubated for 5 min at room temperature with 0.1 U MNase (Sigma-Aldrich), then digested with proteinase K as above and run on a 2.5% agarose gel.
ACCESSION NUMBERS
The Protein Data Bank (PDB) ID code of the chicken CENP-S-X complex is 3B0B. PDB IDs for the chicken CENP-T histone fold-CENP-W complex are 3B0C and 3B0D. PDB IDs for the CENP-T-W-S-X heterotetramer are 3VH5 and 3VH6.
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